To date, gene expression profiles of bovine preimplantation embryos have only been indirectly related to developmental potential due to the invasive nature of such procedures. This study sought to find a direct correlation between transcriptome fingerprint of blastomeres of bovine 2-cell stage embryos with developmental competence of the corresponding sister blastomeres. Isolated blastomeres were classified according to the sister blastomere's development into three groups: two groups displayed developmental incompetency, including those blastomeres whose corresponding sister blastomeres either stopped cleaving after separation (2CB) or were blocked after two additional cleavages before embryonic genome activation (8CB). In the third group were competent blastomeres, which were defined as those whose sister blastomeres developed to the blastocyst stage (BL). As a result, developmental capacity of corresponding sister blastomeres was highly similar. Microarray analysis revealed 77 genes to be commonly differentially regulated among competent and incompetent blastomeres as well as blocked blastomeres. Clustering of differentially expressed genes according to molecular functions and pathways revealed antioxidant activity, NRF2-mediated oxidative stress response, and oxidative phosphorylation to be the main ontologies affected. Expression levels of selected candidate genes were further characterized in an independent model for developmental competence based on the time of first cleavage postfertilization. Moreover, overall results of this study were confirmed by higher developmental rates and more beneficial expression of CAT and PRDX1 when cultured in an antioxidative environment. These results will help us to understand molecular mechanisms defining developmental destination of individual bovine preimplantation embryos.
INTRODUCTION
Deviant expression of developmentally important genes has been implicated as a causative factor of embryonic death during preimplantation development [1] . Several studies have been published during the last decade [2] [3] [4] dealing with transcriptomic changes during the first cell cycle with the aim of detecting candidate genes related to developmental competence. However, transcriptome analysis by its nature is an invasive technique and precludes further embryonic development. Therefore, indirect correlation of gene expression between groups of embryos with contrasting developmental rates rather than directly with individual embryonic development limits the value of gene expression studies. To circumvent this problem and to enable analysis of developmental competence and gene expression profiles of the same embryo in parallel, we performed an experiment in which blastocysts biopsies were analyzed before transfer to recipients to correlate the transcriptome profile of the biopsy result with the establishment of pregnancy [5, 6] . A typical genetic signature for in vivo-and in vitro-derived preimplantation embryos developing to term compared to those lacking the ability to establish pregnancy was detected. In these studies, we questioned whether developmental competence at the blastocyst stage was a consequence of postfertilization culture environment or the result of the intrinsic quality of oocytes and thereby whether preimplantation embryonic competence was predefined earlier than the blastocyst stage. Because it has already been demonstrated that early cleaving embryos are more likely to develop to the blastocyst stage than their later cleaving counterparts, accompanied by higher abundance of developmentally related genes [2] [3] [4] 7] , we assumed that determination of developmental competence could be defined as early as in embryos at the 2-cell stage. However, direct evidence for that hypothesis is lacking.
To fill this research gap, we modified the technique of taking an embryo biopsy sample from the very early preimplantation embryo by separating sister blastomeres of bovine 2-cell stage embryos and allowing the correlation of the transcriptome in one blastomere with the developmental capacity of the sister blastomere. This approach should be possible because early blastomeres are assumed to be totipotent and thereby undifferentiated, allowing the embryo to regulate its development in order to overcome failures in its organization, such as cell loss. Direct evidence for totipotency is provided by the fact that an isolated blastomere has the ability to develop to term [8] . In addition, both blastomeres derived from a bisected 2-cell stage embryo retained a considerable degree of similarity, both in terms of cell number and rate of progression to blastocyst during their development [9] . Actually, single bovine blastomeres reach the blastocyst stage at about the same speed as control embryos, despite having two-thirds of the normal number of cells (E. Held et al., unpublished data). Similarly, a recent study in bovine describes high synchrony in development of sister blastomeres to the blastocyst stage to induce pregnancy and to develop to term [10] . In addition to developmental fate, murine 2-cell stage blastomeres have been shown to differ marginally in their transcriptome fingerprints. Although transcriptome asymmetry within mouse zygotes has been shown, no difference could be detected between early embryonic sister blastomeres, suggesting that any transcriptomic prepatterning might not be detectable or not even exist [11, 12] . Moreover, sister blastomeres of bovine 2-cell stage embryos should display even higher similarities than in mice as major genome activation starts at a later developmental stage [13] .
Therefore, the aim of the present study was to evaluate transcriptomic signatures of blastomeres of bovine 2-cell stage embryos and to relate this to subsequent developmental competence of sister blastomeres to the blastocyst stage. Moreover, we aimed to identify molecular functions and pathways to explain developmental competence, enabling us to select developmentally important candidate genes as markers of developmental capacity in early bovine 2-cell stage embryos.
MATERIALS AND METHODS

Oocyte Collection
Bovine ovaries were obtained from a local slaughterhouse and transported to the laboratory in warm (308C-358C) physiological saline solution within 1-3 h of slaughter. Antral follicles (2-8 mm in diameter) were aspirated using an 18-guage needle attached to a 10-ml syringe and collected into 50-ml conical tubes. Cumulus oocyte complexes (COCs) with evenly granulated oocyte cytoplasm surrounded by more than three compact layers of cumulus cells were selected and incubated (in groups of 50) in 400 ml of maturation medium consisting of Tissue Culture Media 199 (catalog no. M-2154; Sigma) with Earle salts buffered with 4.43 mM HEPES (catalog no. H-9136; Sigma), and 33.9 mM sodium bicarbonate (catalog no. S-5761; Sigma) supplemented with 12% estrous cow serum, 0.5 mM L-glutamine, 0.2 mM pyruvate, 50 mg/ml gentamicin sulfate, and 10 ll/ml FSH (Folltropin; Vetrepharm) in four-well dishes (Nunc). Maturation medium was covered with mineral oil (SigmaAldrich) and was preincubated under maturation conditions for a minimum of 1 h (38.78C, 5% CO 2 in air with maximum humidity) and then incubated for 22 h after oocytes were added.
In Vitro Embryo Production until 2-Cell Stage
Following maturation, COCs were co-incubated with sperm (2 3 10 6 spermatozoa/ml) in fertilization medium consisting of modified Tyrode medium (100 mM NaCl, 25 mM NaHCO 3 , 10 mM caffeine, 10 mM Hepes, 3.2 mM KCl, 2.1 mM CaCl 2 3 H 2 O, 1.5 mM MgSO 4 3 7H 2 O, 0.34 mM NaH 2 PO 4 3 H 2 O) supplemented with 10 mM sodium lactate, 1 mM sodium pyruvate, 6 mg/ml bovine serum albumin (BSA), 1 lg/ml heparin, 10 lM hypotaurine, 20 lM penicillamine, and 2 lM epinephrine at 38.78C in 5% CO 2 in air. Eighteen hours postinsemination (18 hpi), presumable zygotes were denuded of cumulus cells and washed three times in CR1aa (embryo culture) medium (114.6 mM NaCl, 3.08 mM KCl, 26.18 mM NaHCO 3 , 2.52 mM sodium lactate, 0.55 mM L-lactate; 0.4 mM sodium pyruvate, 1.5 mg ml À1 Lglutamine, 20 lM penicillamine, 10 ll ml À1 MEM essential amino acids and 20 ll ml À1 BME nonessential amino acids) supplemented with 12% heatinactivated estrous cow serum. Thereafter, embryos were cultured in 400 ll of CR1aa medium in four-well dishes (Nunc) in groups of 50 embryos under mineral oil at 38.78C in 5% CO 2 in humidified air until the 2-cell stage was reached. All chemicals were from Sigma unless otherwise stated.
Bisection of 2-Cell Stage Embryos
Separation of sister blastomeres in 2-cell stage embryos was conducted 28-30 h after onset of in vitro fertilization. First, the zona pellucida was removed by exposing embryos to 0.25% Pronase (Sigma) in Dulbecco phosphatebuffered saline (DPBS; Gibco BRL) for 1-2 min, followed by gentle pipetting with a tapered Pasteur pipette. Then, sister blastomeres were separated by gentle pipetting in CR1aa medium.
In Vitro Embryo Culture Beyond the 2-Cell Stage
Bisected embryos were cultured individually in small wells (Well of the Well [WoWs]) until Day 8 as described previously [14] . Briefly, we prepared WoWs in the bottoms of five-well culture dishes (Fa. Minitüb GmbH) by using an industrial borer (Ultra-HSSE/Co Bohrer; DIN 1899; no. 186; Fa. Baer Ultra Präzisionswerkzeuge GmbH). A total of 16 small holes were bored in a 4 3 4 cluster in each well. The holes were cylindrical in shape (0.7-mm depth and 0.7-mm diameter) with a slightly rounded bottom. Bored WoWs were cleaned by washing three times with CR1aa culture medium. Then, each well was overlaid with 400 ll of CR1aa medium under mineral oil. After equilibration, one single blastomere and/or embryo was placed in each WoW, and embryos were cultured at 38.78C in 5% CO 2 in humidified air until Day 8.
Comparing the Developmental Competence of Corresponding Sister Blastomeres
Corresponding blastomeres derived from bisected 2-cell stage embryos were placed individually into the WoW culture system. Subsequent cleavage and development to blastocyst stage were evaluated at Days 3 and 8, respectively. Subsequent development of separated blastomeres was classified as 1) no further cleavage (2-cell stage, 2-cell); 2) one additional cleavage (4-cell stage, 4-cell); 3) those which additionally cleaved twice to the 4-cell embryo but did not reach blastocyst stage (8-cell stage, 8-cell); and 4) those blastomeres that reached blastocyst stage.
Assessment of Individual Developmental Competence by Blastomere Biopsy
Single blastomeres derived from bisected 2-cell stage embryos were placed individually into the WoW culture system, while the corresponding sister blastomere was frozen and stored individually. Subsequent cleavage and development to blastocyst stage were evaluated at Days 3 and 8, respectively. Frozen stored blastomeres were pooled according to subsequent development of their corresponding sister blastomeres into one of three groups: 1) corresponding sister blastomeres did not cleave further after bisection (2-cell block, 2CB); 2) corresponding sister blastomeres stopped development after two additional rounds of cell cleavage at the 4-cell stage following bisection (8-cell block [8CB]); and 3) corresponding sister blastomeres developed to blastocyst stage (BL). An overview of this main experiment is presented in Figure 1 . Embryos that cleaved once after bisection (4-cell block [4CB]) or three times (16-cell block [16CB]) or those which stopped development at the morula stage were not included in this experiment.
Further Characterization of Candidate Genes by Using an Independent Model
Presumptive zygotes were examined at 27, 30, 32, 34, 36, 40 , and 42 hpi for cleavage. Embryos which cleaved before 32 hpi were considered developmentally competent, whereas embryos cleaving later than 36 hpi were considered less competent as shown previously [2] [3] [4] 7] . In four replicates, freshly cleaved embryos were collected, washed three times in DPBS, and placed in screw cap tubes (Axygen), followed by snap freezing in liquid nitrogen. Subsequently, frozen 2-cell stage embryos were pooled according to their time of first cleavage into two groups: 1) early cleavage, that is, cleavage at ,30 hpi; and 2) late cleavage, that is, cleavage at .36 hpi.
Embryo Culture under Different Oxygen Tension Conditions
Presumptive zygotes were transferred to CR1aa culture medium and were cultured in groups of approximately 50 in 5% oxygen tension and were compared to those cultured in 20% oxygen tension. Blastocyst rates were counted on Days 7, 8, and 9. Second, 2-cell stage embryos (in three pools each containing 20 embryos) derived from groups raised under contrasting oxygen tensions were collected 30 h after fertilization for measurement of the transcript abundance of CAT and PRDX1, using RT real-time PCR.
Staining of Reactive Oxygen Species
Intracellular reactive oxygen species (ROS) were visualized using the fluorescent probe 6-carboxy-2 0 ,7 0 -dichlorodihydrofluorescin diacetate (H 2 DCFDA). The stock solution was diluted in phosphate-buffered saline (PBS) to a working concentration of 5 lM. The 2-cell stage embryos were selected according to the time of first cleavage (hpi) as described above, HELD ET AL.
washed twice in PBS, and placed in a four-well dish containing 400 ll of 5 lM H 2 DCFDA. After 20-min incubation in the dark at 378C, embryos were washed twice in PBS and imaged immediately with a Leica model DM IRB inverted microscope with fluorescence filters.
RNA Isolation and Amplification
For further global gene expression analysis by array technology, samples were prepared from 2CB, 8CB, and BL pools (three pools each containing 15 blastomeres). Total RNA isolation was performed using an RNA isolation kit (PicoPure; Arcturs) according to the manufacturer's instruction. RNA integrity was evaluated using the 2100 Bioanalyzer unit with an RNA 6000 Nano LabChip kit (Agilent Technologies Inc.). Briefly, two rounds of RNA amplified transcription were carried out using RiboAmp HS reagents (Arcturus; Molecular Devices) as described previously [15] . Likewise, pools of 2-cell stage embryos cultured under high and low oxygen tension were amplified by RT real-time PCR for quantification of CAT and PRDX1 expression.
For evaluation of transcript abundance of selected candidate genes in early and late cleaved bovine embryos, eight pools each containing 60 embryos were sampled both for early and late cleaved embryos. Of these, four replicates were amplified using random hexamers (Promega) for reverse transcription to assess abundance of all transcripts, whereas four replicates were amplified using oligo(dT)23 primers (Promega) for reverse transcription to assess abundance of poly(A)-tailed transcripts. Amplified RNA were assessed using the Nanodrop 8000 spectrophotometer (Biotechnology GmbH).
Reverse Transcription on AmpliGrid Chips for Comparative Single-Blastomere qPCR
Corresponding blastomeres of 2-cell stage embryos were transferred in 1 ll of PBS onto an AmpliGrid AG480F slide (Advalytix), a glass chip with a surface structure for specific positioning of 48 discrete reaction sites. Blastomeres were air dried, which was followed by genomic DNA (gDNA) digestion using 0.1 ll of gDNA Wipeout Buffer 73 (Qiagen) diluted in 0.6 ll RNase-free water. Each reaction site was overlayed with 5 ll of sealing solution (Advalytix) and incubated at 428C for 2 min using AmpliSpeed ASD100D cycler (Advalytix). For reverse transcription, 2.3 ll of Master Mix solution containing 0.15 ll of reverse transcriptase (Quantiscript), 0.6 ll of RT buffer (5-fold; Quantiscript) and 0.27 ll of gene-specific RT primer mixture (three-plex: GAPDH, CAT, PRDX; 0.09 ll of 10 lM primer each), and 1.28 ll of RNase-free water. The RT reaction was performed for 60 min at 428C, followed by 3 min at 958C. Prior to quantitative PCR, cDNA was diluted 1:7 with PCR grade water. Real-time PCR was performed as described above using 2 ll of cDNA per well.
Global Gene Expression Analysis
Amplified RNA samples from three pools per group (technical replicates) each consisting of 15 blastomeres (biological replicates) were hybridized on bovine microarray (4 3 44 k, 44 000 probes spotted 4 times on each slide; EmbryoGENE; Agilent) using a two-color dye-swap design with Cy3 and Cy5, as described previously [16] . After 17 h of hybridization at 658C, microarray slides were washed first for 3 min in gene expression wash buffer (428C), then for 10 sec in 100% acetonitrile (RT), and then for 30 sec in stabilization and drying solution (Agilent). Slides were scanned using Generic Pro Scanner. Data were subjected to a background correction, a Loess within-array normalization, a quantile between array normalization, and statistically analyzed using linear models for microarray data analysis (LIMMA). Genes were considered differentially expressed at a .1.5-fold change with an adjusted P value of ,0.05, using the Benjamini and Hochberg false discovery rate (FDR, ,0.1) method. All analyses were performed using R version 2.12.1 (http://www. R-project.org) and LIMMA package version 3.6.9 (http://bioconductor.org/ packages/release/bioc/html/limma.html) software. Normalized data were submitted to Gene Expression Omnibus (GEO) database under accession number GSE37986. A list of differentially expressed genes (DEGs) was uploaded to DAVID (http://david.abcc.ncifcrf.gov/) software to group molecular functions into clusters. Ingenuity pathway analysis (IPA) software was used to identify relationships between the genes of interest and to uncover common pathways.
Validation of Array Results and Further Characterization of Candidates by Real-Time PCR
To validate microarray results, we selected 11 genes for further analysis by real-time PCR (ATF1, BSG, MAPK14, CAT, NDUFS1, TEAD1, SYCP3, PRDX1, PRDX6, KRT8, and SFRS12) as presented in Table 1 . Moreover, for further characterization, five validated candidate genes were selected to test their expression in an independent model for developmental competence by real-time PCR (NDUFS1, MAPK14, CAT, PRDX1, and PRDX6). Quantitative analysis of cDNA samples was performed using StepOnePlus real-time PCR system (Applied Biosystems). The cDNA synthesized from samples was subjected to real-time PCR, using GAPDH primer to test for any variation in the expression of this internal control gene. Standard curves were generated for both target and internal control genes, using serial dilutions of plasmid DNA (10 1 -10 9 molecules). The PCR was performed in a 20-ll reaction volume containing iTaq SYBR Green Supermix with ROX (Bio-Rad Laboratories), the cDNA samples, and the specific forward and reverse primers in StepOnePlus real-time PCR system (Applied Biosystem). The thermal cycling parameter was set as 958C for 3 min, then 40 cycles of 958C for 15 sec and 608C for 1 min. After the end of the last cycle, a dissociation curve was generated by starting
Overview of the main experimental design. Single blastomeres derived from bisected 2-cell stage embryos were placed individually into the WoW culture system, while corresponding sister blastomeres were frozen and stored individually. Frozen stored blastomeres were pooled according to subsequent development of their corresponding sister blastomeres into three groups: 1) the corresponding sister blastomeres that did not cleave anymore after bisection (2CB); 2) the corresponding sister blastomeres that stopped development after two additional rounds of cell cleavage as 4-cell embryo following bisection (8CB); and 3) corresponding sister blastomeres that developed to BL stage.
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the fluorescence acquisition at 608C and taking measurements at 7-sec intervals until the temperature reached 958C. Final quantitative analysis was done using the relative standard curve method, and results were reported as the relative expression or n-fold difference to the calibrator after normalization of the transcript amount relative to the endogenous control [17] . In the case of a singe cell, PCR quantitative analysis was done using the comparative cycle threshold method, and results were reported as the relative expression of the endogenous control. Statistical analysis of the expression values was carried out using the Student t-test.
Protein Localization by Immunofluorescence
After collection of early cleaving, late-cleaving, and uncleaved 2-cell stage embryos, samples were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 1 h. Fixed samples were permeabilized in 0.5% (vol/vol) Triton-X100 (Sigma) in PBS and blocked in 3% (wt/vol) BSA (Roche Diagnostics) in PBS. This was followed by a 1-h incubation in primary antibody catalase rabbit anti-bovine polyclonal antibody (LifeSpan BioScience), rabbit polyclonal antibody to peroxiredoxin 1 (2-10 mg/L; Acris Antibodys) at 398C and by exposure to secondary antiserum Alexa Flour 568 goat anti-rabbit immunoglobulin Gfluorescein isothiocyanate (Santa Cruz Biotechnology) for 1 h at 398C. Samples were placed in PBS in a MicroSlide (microscope accessories; Lakeside Products) and covered with a glass slide before being visualized with an ApoTome microscope (Carl Zeiss MicroImaging).
RESULTS
Comparing the Developmental Competence of Corresponding Sister Blastomeres
When corresponding blastomeres derived from bisection of a total of 128 bovine 2-cell stage embryos were cultured individually, with highest probability, none of the separated blastomeres reached the blastocyst stage (n ¼ 108; 84.3%). Considering that the development of the blastocyst stage is biomorphic phenotype, development of corresponding sister blastomeres were different in only four bisected 2-cell stage embryos (3.1%) with only one blastomere reaching the blastocyst stage. In contrast, in 16 observations (12.5%), both blastomeres reached the blastocyst stage, resulting in a cumulative probability of 15.6% (12.5% þ 3.1%, n ¼ 20) that at least one blastomere developed to the blastocyst stage.
When a given blastomere derived from a bisected 2-cell stage embryo did not cleave after separation, a proportion of 70% of the corresponding sister blastomeres also did not cleave anymore (2CB), and no sister blastomere reached the blastocyst stage (Fig. 2) . In case the given blastomere cleaved exactly once again to a 2-cell embryo (4CB), 64% of the corresponding sister blastomeres stopped development exactly at the same stage, whereas 19% did not even cleave, and 17% progressed to the 4-cell embryo (8CB) without reaching the blastocyst stage. When the given blastomere developed beyond the 4-cell embryo (8CB) without reaching the BL stage, a majority of 80% of corresponding sister blastomeres developed equally. HELD ET AL.
Likewise, when the given blastomere reached the BL stage, nearly all corresponding sister blastomeres developed in parallel (94%) as presented in Figure 2 . Overall, correlation of sister blastomere's developmental capacity was high (y ¼ 0.87x þ 0.38; R 2 ¼ 0.73).
Microarray Results
The EmbryoGENE microarray analysis revealed a total of 632 genes were differentially regulated between those blastomeres whose sister blastomeres reached the BL stage and those which did not cleave at all following separation (!1.5-fold change; P 0.05; FDR 0.1). Of these, 298 genes were upregulated, and 334 were downregulated in the BL group compared to the 2CB group. Similarly, 150 genes were differentially regulated between the BL group and those whose sister blastomeres stopped cleaving before embryonic genome activation (8CB) group, of which 61 genes were upregulated, and 89 genes were downregulated (!1.5-fold change; P 0.05; FDR 0.1) as demonstrated in Figure 3A . Taken together, we found 77 genes (including 20 novel transcripts) to be commonly differentially expressed in BL versus those in 2CB and BL versus 8CB groups as summarized in Figure 3B . Of these, 29 genes were upregulated, and 48 genes were downregulated (Supplemental Table S1 , available online at www.biolreprod.org). Moreover, we found 73 genes to be differentially expressed exclusively in BL versus 8CB. Of   FIG. 3 . Differentially regulated genes between blastomeres with contrasting developmental capacity. A) Heat maps of differentially regulated genes between 2CB and BL groups as well as 8CB and BL groups indicate 632 and 150 differentially expressed genes. B) The Venn diagram presents 77 genes to be differentially expressed in common for 2CB versus BL groups and 8CB versus BL groups. In contrast, 555 genes were differentially expressed exclusively in 2CB versus BL groups, and 73 genes were exclusively differentially expressed in 8CB versus BL groups. C) Biological functions like oxidoreductase activity, peroxidase activity, and antioxidant activity were affected with highest relevance (P value) by commonly differentially regulated genes (D). Biological functions like cellular response to stress and regulation of cell proliferation were affected with highest relevance (P value) by genes exclusively differentially regulated in 8CB versus BL groups. TRANSCRIPTOME ANALYSIS OF BOVINE BLASTOMERES these, 32 genes were upregulated, and 41 genes were downregulated (Supplemental Table S2 ).
Molecular Functions and Pathway Analysis
DAVID software clustered most affected molecular functions in BL versus 8CB (n ¼ 150), namely transition metal ion binding, oxidoreductase activity, acting on peroxide as acceptor, peroxidase activity, and antioxidant activity. Additionally differentially regulated genes were involved in oxygen and the ROS metabolic process, negative regulation of molecular function, the hydrogen peroxide catabolic process, cellular response to hydrogen peroxide, the hydrogen peroxide metabolic process, response to hydrogen peroxide, and cellular response to reactive oxygen species. Clustering of commonly differentially regulated genes (2CB vs. BL and 8CB vs. Bl, n ¼ 77) uncovered oxidoreductase, peroxidase, and antioxidant activity as the most important biological functions affected by these genes (Fig. 3C) , whereas genes exclusively differentially expressed in 8CB versus BL groups (n ¼ 73) uncovered cellular response to stress, regulation of cell proliferation, and translation as the most important biological functions affected by these genes (Fig. 3D) . Moreover, differentially expressed genes were uploaded for IPA, uncovering 15 pathways in 2CB versus BL including protein ubiquitination pathway, protein kinase A signaling, and molecular mechanisms of cancer, to be affected by the highest numbers of molecules (18, 16, and 16, respectively) . Additionally, oxidative phosphorylation and NRF2-mediated stress response were significantly affected by differentially expressed genes (Supplemental Fig. S1A ). IPA of genes differentially regulated in 8CB versus BL groups (Table  2 ) uncovered eight pathways including NRF2-mediated stress response (Supplemental Fig. S1B ).
Array Data Validation by Real-Time PCR
Eleven genes (ATF1, BSG, CAT, KRT8, MAPK14, NDUFS1, PRDX1, PRDX6, SFRS12, SYCP3, and TEAD1) were selected and quantified in three independent samples from groups 2CB, 8CB, and BL. PCR results showed expression of eight genes to be in agreement with the array results (P , 0.05). Additionally, two genes (PRDX1, PRDX6) showed the correct expression pattern (without statistical significance), and one gene (KRT8) did not show differences with real-time PCR validation (Fig. 4) .
Further Characterization of Selected Candidates in an Independent Competence Model
In order to investigate whether the expression of some of the candidate genes was associated with embryo competency, we used an independent competency model considering the time of first cleavage of 2-cell stage embryos, that is, early cleaved (competent) versus late cleaved (incompetent).
For this study, we selected five candidate genes (NDUFS1, MAPK14, CAT, PRDX1, and PRDX6) involved in oxidoreductase, peroxidase, and antioxidant activity as well as in oxidative stress response and oxidative phosphorylation pathways. In order to differentiate between the active and dormant forms of these transcripts, candidate genes were analyzed using cDNA synthesized from either random or oligo(dT) primers. Using random primed cDNA, all genes were found to be more abundant in early cleaved embryos than in the late cleaved ones, except for NDUFS1 and CAT. However, when we used oligo(dT)-primed cDNA, all genes showed significantly higher abundance in early cleaved embryos than in late cleaved ones (Fig. 5) . 
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Detection of ROS
Detection of ROS after staining with H 2 DCFDA revealed relatively low levels of ROS in early cleaving embryos (,30 hpi), larger amounts of ROS in late cleaving embryos (.36 hpi), and highest ROS levels in embryos which reached cleavage very late, that is, 42 hpi (Fig. 6 ).
Developmental Competence and Expression levels of CAT and PRDX1 According to Environmental Oxygen Tension
Culturing of embryos in an oxygen tension of 5%, representing an antioxidative environment, resulted in significantly higher blastocyst rates than those of embryos cultured in 20% oxygen (37.72% vs. 21.01%, respectively), representing a pro-oxidative environment (Table 3) . Considering the transcript abundance in 2-cell stage embryos of CAT, we found a significantly higher abundance in those embryos cultured in 5% oxygen tension than in those cultured in 20% oxygen; the same trend was observed for PRDX1 (Fig. 7) .
Comparative Expression of Candidate Genes in Single Sister Blastomeres
To find out whether the selected candidate genes CAT and PRDX1 were expressed at comparable levels in both sister 
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blastomeres of a 2-cell stage embryo, we used RT real-time PCR to analyze a single blastomere. When we analyzed the corresponding sister blastomeres of 12 bisected bovine 2-cell stage embryos, the results revealed that there were no significant differences in expression levels of CAT and PRDX1 between the corresponding blastomeres (Fig. 8) .
Protein Localization by Immunofluorescence
Considering early and late cleaved bovine embryos, larger amounts of CAT protein was observed in early cleaved bovine embryos compared to late cleaved embryos. Similarly, late cleaved embryos showed relatively larger amounts of CAT protein than embryos that did not cleave until 42 hpi. No clear difference could be observed between early and late cleaved HELD ET AL.
embryos in protein expression of the PRDX1 gene. In contrast, expression of PRDX1 protein was much higher in uncleaved embryos than in early and late cleaved embryos, as presented in Figure 9 .
DISCUSSION
During the last decade, several approaches to analyzing transcriptome signatures related to developmental competence of bovine oocytes and embryos have been conducted [18] [19] [20] [21] [22] . The biggest disadvantage of traditional transcriptome analyses is that only average expression characteristics of pools of embryos classified in groups with higher and lower developmental rates based on environmental [23] [24] [25] , morphological [26] , or subcellular characteristics [27] could be correlated. Efforts have been made to establish a correlation between developmental competence of a single preimplantation embryo and its gene expression characteristics by taking a biopsy of a blastocyst, subsequently transferring the blastocyst to a recipient animal, and recording pregnancy rate and retrospectively pooling biopsy samples for transcriptome analysis on the basis of pregnancy outcome [5, 6, 28] . These studies clearly indicated that developmental competence of bovine blastocysts is associated with distinct gene expression signatures. However, these studies also raised the question of whether developmental competence is modulated by postfertilization culture environment or is the result of the intrinsic quality of oocytes used for fertilization and subsequent culture. To answer that question, the present work went some steps backward on the temporal axis of preimplantation development to determine if transcriptome characteristics of bovine 2-cell stage embryos were related to subsequent in vitro developmental competence. The main strategy of our approach was to bisect 2-cell stage embryos, which allowed us both to follow the developmental capacity of one blastomere and to analyze the transcriptome profile of the corresponding sister blastomere. In a preliminary experiment, we evaluated the developmental potential of intact (control) 2-cell embryos, zona-free 2-cell embryos, and individual blastomeres derived from 2-cell embryos (Supplemental Table S3 ). No significant differences were observed in blastocyst rates between 2-cell stage embryos cultured with or without the zona pellucida. Although separated blastomeres developed at lower rates than the blastocyst stage compared to that of the other two groups, developmental rates were still sufficient for our strategy. Indeed, in our study, we discovered an overall correlation coefficient of 73% in terms of in vitro development of bisected bovine sister blastomeres. Considering development to the blastocyst stage as biomorphic phenotype, corresponding blastomeres derived from a bisected 2-cell stage embryo developed differently with a probability of only 3.1%. Moreover, when a given blastomere developed to the blastocyst stage, the corresponding counterpart also reached the blastocyst stage with a probability of 94%. These results indicate that developmental capacity of both blastomeres of a bovine 2-cell stage embryo is highly similar, which is in accordance with previous studies in mouse [9, 29] and pig [30] . However, it has been reported that murine 2-cell-stage blastomeres show biased differences in their fate [31, 32] whereas a study by Roberts et al. [12] showed that both blastomeres of murine 2-cell stage embryos are similar in their individual transcriptomic fingerprints. That could be explained by the finding that the orientation of the first cleavage is generally thought to be meridian, along the animal-vegetal axis, with the animal pole marked by the second polar body [33] . A result of that is transcriptome asymmetry within blastomeres but not between the first embryonic sister blastomeres, both showing the same gradient similar to that of the former zygote [11] . In line with that, it has been demonstrated that developmental bias depends on the pattern of the second equatorial cleavage divisions [34] , resulting in molecular heterogeneities between blastomeres, evident as early as the 4-and 8-cell stages [35] , especially with respect to Oct4 kinetics [36] . These reports are supported by studies that TRANSCRIPTOME ANALYSIS OF BOVINE BLASTOMERES demonstrated that one of the 2-cell blastomeres (the earlier to divide) contributes significantly more cells to the inner cell mass [31] because earlier dividing blastomeres generate more cellular contacts [37] , which are required to maintain OCT4 expression levels in embryonic blastomeres [38] . Consequently, cell-cell contact after second cleavage seems to be the key factor in determining whether a cell adopts a trophectoderm or inner cell mass fate. In contrast, in the absence of cell-cell contact due to second cleavage, we suggest that the single sister blastomeres in our study had not yet established polarity and did not show lineage prepatterning in the separated blastomeres, as it has been reported recently [38] . Because both separated blastomeres of a 2-cell embryo are still able to develop to term and to produce identical twins [10, [39] [40] [41] showing evidence of pluripotency, we believe that separated sister blastomeres establish lineage prepatterning as a consequence of polarity through subsequent cleavages one cell cycle later.
According to our main experimental design, we thus defined pools of blastomeres with high developmental competence that developed to the BL stage and blastomeres with low developmental competence that stopped cleavage before embryonic genome activation (8CB). Although these embryos appear phenotypically as 4-cell embryos, they are determined to be 8-cell stage embryos, taking into account the fact that they are instead in the fourth cell cycle. Moreover, we classified one group of blastomeres with very poor developmental competence which failed to cleave after separation and thereby blocked development in the 2-cell stage (2CB). This developmentally high incompetent group was set up to enable identification of genes commonly differentially expressed in blastomeres of very poor developmental competence (2CB) as well as in blastomeres which were able to cleave some round without reaching blastocyst stage (8CB). That approach allowed us to exclude genes which were differentially expressed exclusively in the 2CB group, as we suggested that failure of the second cleavage after separation could have been induced through mechanical damage in that case.
Our results revealed differences at the molecular level for those blastomeres whose counterparts developed to the blastocyst stage (BL group) compared to those with lower developmental competence (groups 2CB and 8CB). This is in line with our previous results where biopsies from in vitroderived [5] and in vivo-derived [6] blastocysts were taken. Global transcriptome analysis revealed 632 differentially regulated genes between the BL group and 2CB group and 150 differentially regulated genes between the BL group and 8CB group. Cluster analyses of DEG between BL and 8CB showed a clear trend toward molecular functions and biological processes related to the cells' response to oxidative stress, including oxidoreductase activity, acting on peroxide as acceptor, peroxidase activity, antioxidant activity, and oxygen and ROS metabolic process, negative regulation of molecular function, hydrogen peroxide catabolic process, cellular response to hydrogen peroxide, hydrogen peroxide metabolic process, response to hydrogen peroxide, and cellular response to ROS. A total of 77 transcripts were commonly differentially regulated. Interestingly, all 77 transcripts showed the same expression trend. Functional analysis of those genes again unraveled their predominant involvement in NRF2-mediated oxidative stress response and oxidative phosphorylation (OXPHOS) pathways and biological functions including oxidoreductase, peroxidase, and antioxidant activity. This led us to suggest that those functions and processes described above are mainly responsible for developmental competence. Accordingly, we selected several candidate genes based on these findings and some genes by random and successfully validated array results by using quantitative real-time PCR.
Several studies have shown evidence of the negative impact of oxidative stress and ROS on preimplantation embryonic development [42] [43] [44] . Even marginally elevated levels of ROS can interrupt maturation and early embryonic development [45] [46] [47] , and certain amounts of ROS are considered important to regulate various cell functions including programmed cell death [46, 48] . Elevated levels of ROS have been reported to be a consequence of weak culture environments [49] , but ROS is also produced by the embryo itself within the respiratory chain [43] . The balance between ROS production and ROS scavenging, described as reduction-oxidation state, has been suggested to play an important role for optimal growth HELD ET AL.
response [50] . Taken together, we hypothesized that expression of genes involved in ROS generation as well as in ROS scavenging correlated with subsequent in vitro developmental competence. To prove our hypothesis, we therefore aimed to further characterize candidate gene expression in an independent model. Bovine 2-cell stage embryos were classified based on the time of first cleavage postinsemination (hpi), which has been shown to be a reliable predictor for developmental competence in a variety of mammalian species. It is widely accepted that a greater proportion of early cleaving bovine embryos develop to the blastocyst stage than those cleaving later, which was also accompanied by differences in relative abundance of developmentally related genes [3, 4, 7, 51] . Consequently, we evaluated gene expression of our candidates related to OXPHOS (NDUFS1) and oxidative stress response (MAPK14, CAT, PRDX1, PRDX6) in competent (early cleaved) embryos as a model for high developmental competence as well as in incompetent (late cleaved) embryos as a model for low developmental competence in terms of general expression of candidate genes as well as polyadenylated forms. It is generally accepted that the early embryo is dependent on maternally inherited transcripts accumulated during oogenesis [52] with variable translational activity of mRNAs because of the proportion of polyadenylated forms. Post-transcriptional regulation mechanisms regulate the activity of maternally inherited transcripts by shortening the poly(A) tail for further storage and protecting the transcripts from degradation. With respect to detection of active forms of transcripts, real-time PCR using oligo(dT)23 primers was conducted in the present approach. Considering polyadenylated forms, a significantly higher expression was observed in early cleaving embryos than in late cleaving embryos, with respect to all characterized genes. Accordingly, NDUFS1 expression was significantly upregulated in blastomeres, with the ability to develop to the blastocyst stage compared to those that did not cleave at all after blastomere separation. Previous studies have reported NDUFS1 as one of the most important subunits of the NADH:ubiquinone oxidoreductase mitochondrial complex I, which is described as the largest complex of the OXPHOS system [53] , regulating energy metabolism [54] and producing superoxide [55] . Similarly, our results confirmed that MAPK14, also known as p38, was significantly upregulated in early cleaved embryos compared to late cleaved ones both in terms of random and polyadenylated forms. MAPK14 itself was detected to be activated by ROS [56] and activates antioxidant enzymes like CAT [57] and indirectly regulates oxidative stress response by modulating expression of antioxidant enzymes including NRF2 [58] [59] [60] [61] . In parallel with elevated MAPK14 expression, we found the active ROS scavengers CAT and PRDX1 to be upregulated in early cleaved 2-cell embryos compared to their later cleaved counterparts. Again, this is in line with our results obtained in developmentally competent bisected blastomeres. CAT and PRDX1 eliminate destructive hydrogen peroxide (H 2 O 2 ) from the embryo to assure viability of embryos [62, 63] and thereby act in sequence in order to reduce H 2 O 2 . Under conditions of low H 2 O 2 concentrations, PRDX1 scavenges more efficiently due to its higher affinity toward H 2 O 2 , whereas under conditions of high H 2 O 2 concentration, CAT scavenges more efficiently [64] . Like NDUFS1, PRDX1 and CAT are located in the mitochondrial membrane and considerable higher expression of all three in developmentally more competent early cleaved embryos may be correlated with higher numbers of mitochondria reported to be symmetrically segregated in both blastomeres of the 2-cell stage embryo [65] . It is well known that aberrant levels of maternally inherited mitochondrial DNA (mtDNA) are associated with lower developmental competence [66, 67] . Likewise, in insulin-resistant mice, a low number of mtDNA in MII oocytes accompanied by oxidative stress causes disruption of ATP biosynthesis, resulting in poor oocyte quality and adverse embryonic development [68] . Finally, PRDX6 was found to be significantly upregulated in an analysis of random and oligo(dT) primed cDNAs in early cleaving embryos compared to late cleaving ones, as it was in conflict with a slightly lower expression (without significance) in blastomeres with high developmental competence. However, it has been noticed that PRDX6 is expressed with decreasing abundance from immature oocytes to 8-cell stage embryos without expression from 16-cell stage to morulae and an increase again in blastocyst stage [69] . With that in mind, lower expression in competent blastomeres could indicate that these embryos are one step ahead on the temporal axis of embryonic development compared to developmentally less competent blastomeres. Likewise, lower expression of PRDX6 in late cleaving embryos could be explained by being farther from the time point of fertilization than their early cleaving counterparts. In this regard, abundance of PRDX6 could be interpreted as a reflection of developmental speed rather than direct viability.
Consequently, we aimed to confirm whether expression of genes involved in ROS generation as well as in ROS scavenging fits with levels of ROS in bovine 2-cell stage embryos. ROS staining revealed considerable lower ROS levels in early cleaved embryos than in late cleaved embryos, with the highest levels in those embryos which did not cleave. Additionally, analysis of mitochondrial activity during preimplantation development of bovine embryos revealed a significantly higher activity in early cleaved 2-cell stage embryos than in their later cleaving counterparts [65] . The amount of mitochondria regulate ROS levels, whereas impaired mitochondria have been reported to produce more ROS [70] , implicating low ROS level as a reliable marker for developmental competence [44] , which is in line with our results in terms of NDUFS1 and PRDX1 gene expression in competent embryos. Taken together, we were able to confirm that expression of genes involved in ROS generation as well as in ROS scavenging coincidentally correlated with ROS levels and developmental capacity in bovine 2-cell stage embryos.
Thus, culture in the presence of antioxidants may give rise to a better gene profile, resulting in better developmental competence, whereas culture in pro-oxidants may induce a worse gene profile and lower development. To further confirm that, we investigated the transcript abundance of the active ROS scavengers CAT and PRDX1 in embryos cultured in high oxygen tension (20% O 2 ), representing a pro-oxidant environment, compared to culture in low oxygen tension (5% O 2 ), representing an antioxidant environment. As a result, blastocyst rate was significantly higher when embryos were cultured in 5% O 2 than in 20% O 2 , which is in line with recent publications [43, 71] . Additionally, we identified higher levels of CAT and PRDX1 in 2-cell stage embryos cultured in antioxidant environments (5% O 2 ). These results are also in accordance with findings of Correa et al. [72] , who detected higher levels of CAT and three other transcripts related to oxidative stress response in blastocysts cultured under 5% O 2 than in those cultured under 20% O 2 [72] . Thus, the more antioxidant environment resulted in a better gene expression profile of the active ROS scavengers CAT and PRDX1 as well as in higher developmental competence, supporting the overall findings of this study.
To confirm the validity of our experimental approach as well as our conclusions, prior to protein localization, we TRANSCRIPTOME ANALYSIS OF BOVINE BLASTOMERES checked the degree to which corresponding sister blastomeres were actually representative of each other in terms of CAT and PRDX1 expression. In agreement with studies mentioned above which reported that both sister blastomeres have similar transcriptome profiles [11, 12] , we confirmed by single blastomere PCR that both sister blastomeres of a bisected bovine 2-cell stage embryo indeed showed highly similar expression levels of CAT and PRDX1. That is in great accordance with a very recent study reporting that single sister blastomeres have not established polarity and do not show lineage prepatterning [38] .
Finally, results of the localization of CAT and PRDX1 protein in early and late cleaving bovine embryos showed that the amount of CAT protein was in line with its relative expression levels in early, late, and noncleaved embryos. Accordingly, we found marginally larger amounts of PRDX1 protein in early cleaved embryos than in late cleaved ones, which is in agreement with PRDX1 gene expression results. Surprisingly, higher levels were detected in those embryos which did not cleave until 42 hpi, which did not reflect gene expression abundance in noncleaved embryos. However, that may be explained by the fact that extreme levels of H 2 O 2 lead to oligomerization of PRDX1 [73] and activation of mammalian Ste20-like kinase 1 (MST1), inducing apoptosis [74] .
In conclusion, this is the first study highlighting the potential of using blastomeres at the 2-cell stage for transcriptome analysis to correlate with the developmental fate of sister blastomeres. We were able to show that the developmental capacity of the sister blastomeres derived from a bisected bovine 2-cell embryo are highly similar. Consequently, results established distinct molecular fingerprints, which could be related to developmental potential and arrest. In particular, pathways and molecular functions including oxidative phosphorylation and oxidative stress response which are applicable involved preimplantation development were identified. Based on this, candidate genes were selected and further confirmed by characterization in an independent model for developmental competence, in agreement with ROS levels of bovine 2-cell stage embryos supporting their value, implicating the fact that the balance of ROS production and scavenging is decisive for preimplantation development in vitro. Moreover, these results were confirmed by culture of bovine embryos in different oxygen tensions, resulting in higher developmental rates and more beneficial expression levels of CAT and PRDX1 when cultured in antioxidative environments. Altogether, we suggest that this method could be adapted as a model for genomic selection of embryos in future breeding programs as well as for preimplantation genetic diagnostics in human reproductive medicine.
